I. INTRODUCTION
The performance of high resolution radars in the detection and tracking of targets with low radar cross sections (RCS), such as submarine periscopes, may be seriously affected by the strong, targetlike returns from the sea, often referred to as sea spikes, that can occur at low grazing angles. The performance of lower resolution radars, such as those carried by sea skimming missiles and used in the detection and tracking of relatively low cross section ship targets, may be similarly affected by the spiky sea backscatter frequently encountered at low grazing angles. In both of these cases, the backscatter from the sea is the clutter that can seriously interfere with the radar's primary objective with regard to the intended target. Thus, an understanding of sea clutter at low grazing angles and high resolutions plays a critical role in considerations of modern naval radar performance.
To add to this understanding, analyses are presented of specific but representative examples of sea clutter taken from an extensive data base which contains multiple transmit geometries and polarizations. These examples were selected to be characteristic and illustrative. It has been observed that the complex behavior of sea clutter at low grazing angles and high range resolutions is dependent upon transmit geometry and polarization, as well as upon the scale of observation, in both space and time. All analyses and results presented here are noncoherent, involving only the clutter amplitudes. An abridged version of this paper was published in the Proceedings of the 1998 IEEE Radar Conference [27] . An expanded version of this paper, including a discussion of transmit geometry dependence as well as some results that come from considering the phase of the clutter data, was published as a Naval Research Laboratory report [28] . Another version of this paper, containing some material not presented here, appears in the Proceedings of the April 2000 NATO Symposium on Low Grazing Angle Clutter [29] .
The plan of this paper is as follows. In Section II, there are descriptions of the sea backscatter data collection and the radar system used for it. and single range cells. In Section VII, there is a discussion of related research. In Section VIII, there is a brief conclusion and summary.
II. EXPERIMENTAL MEASUREMENTS
Between August and December of 1994, the Naval Research Laboratory (NRL), in conjunction with the Naval Air Warfare Center, China Lake (NAWC/CL), the Johns Hopkins University Applied Physics Laboratory (JHU/APL), and Texas Instruments (TI), since then aquired by Raytheon, carried out extensive sea clutter measurements from various sites in Kauai, Hawaii, as part of the Advanced Radar Periscope Detection and Discrimination (ARPDD) program, which was sponsored by the Office of Naval Research (ONR). It should be noted that the high pulse repetition frequency (PRF), very low grazing angle, sea clutter measurements that are the basis of this paper, were incidental to the main concerns of the ARPDD program, and that the analyses of such data are essentially studies of opportunity.
The system used to gather the data was NRL's Advanced Profile Testbed Radar, an enhanced version of the APS-137 radar. An itemized description of the measurement radar appears in Table I . To go from one polarization, either vertical transmit, vertical receive (VV) or horizontal transmit, horizontal receive (HH), to another required a feedhorn change; as a consequence, data collection runs, which were typically between 1200 and 1500 s in duration, consist of data of only one polarization. Because this data is not dual-polarized, it is not possible to compare the radar returns from the same sea spike event in the two different polarizations. There were also low PRF clutter measurements for which the antenna was scanned azimuthally at 300 rev/min (5 Hz); these data are not discussed in this paper.
There are three major descriptors of the measured backscatter data. The first of these data descriptors is grazing angle, which is determined by the radar height and the radar range. These clutter measurements were taken at the Lihue Airport site, where the antenna was 23 m above mean sea level. The center of the 156 m range swath was 5.74 km (6.11 km) downrange, well out in deep water, for the VV (HH) data collection run, and the VV (HH) grazing angle was 0.23 deg (0.22 deg). The azimuthal beamwidth of 2.4 deg gives a footprint width of 240 m (255 m) at the center of the VV (HH) data collection swath. Other clutter measurements, which are not discussed here, were made at higher grazing angles from a different Kauai site, Makaha Ridge, where the antenna was 460 m above mean sea level. The smallest (largest) grazing angle used for clutter measurements at the Makaha Ridge site was 0.83 deg (2.63 deg).
The second major descriptor of the measured backscatter data is transmit geometry, which is determined by the radar bearing and the wind direction. Broadly speaking, two different transmit geometries, upwind (UP) and crosswind (CR), were available at the Lihue Airport site, which, situated on the windward side of Kauai, faces east into the prevailing trade winds. By way of contrast, the Makaha Ridge site is on the leeward side of Kauai, permitting crosswind and downwind transmit geometries, although the measurements would be made in the lee of the island itself. During the course of the high PRF clutter measurements from the Lihue Airport site, the smallest (largest) radar bearing was 37 deg (159 deg), while the smallest (largest) wind direction (true) was 39 deg (99 deg). The analyses in this paper are restricted to UP clutter. Analyses of CR clutter can be found in [28] .
During the course of the high PRF clutter measurements from the Lihue Airport site, the smallest (largest) wind speed measured was 5.0 m/s (12.3 m/s), while the smallest (largest) significant wave height (average height of the 1/3 highest waves) measured was 1.5 m (3.2 m). The hydrographic sea states associated with this range of wind speeds and wave heights are 2 (slight), 3 (moderate), 4 (rough), and 5 (very rough) [20, p. 270] . The most commonly occurring sea states at the Lihue Airport site during the measurement campaign were 3 and 4. On the day, 8 November 1994, when the backscatter measurements analyzed here were made, the measured wind speeds were ¼ 9 m/s and the measured significant wave heights were ¼ 3 m; these conditions indicate a hydrographic sea state of 4. With such wind speeds and wave heights, the white caps associated with waves breaking at sea would certainly be present at the location of the radar's footprint [13, p. 19; 20, p. 270] . From simultaneous optical and microwave observation of the sea, other researchers have frequently measured large magnitude, spiky radar returns from sea surfaces characterized by white caps and breaking waves; they have also measured spiky radar returns, although usually of smaller magnitude, from relatively smooth sea surfaces [10, 15] . Finally, the third major descriptor of the measured data is polarization, which is either VV or HH. Sea backscatter measurements, characterized by a specific grazing angle, transmit geometry, and polarization, were made in data collection runs that typically lasted over 1200 s, for which period of time the wind speed and the significant wave height would be determined. The above characterization of the measured sea backscatter data is summarized in Table II . In this table, the 8 digit data tag consists of the year, the month, and the day when the measurement was made, followed by the number of the data collection run from which the specific examples of data were taken for subsequent analysis.
The vertically (horizontally) polarized, upwind transmit geometry (VV/UP (HH/UP)) collection run, data tag 94110807 (94110816), was taken between 12:00 noon (6:13 PM) and 12:26 PM (6:36 PM) local time. Although both of these measurements were made the same day, the UP runs in the two different polarizations were separated in time by 6 h. For the VV/UP run, the bearing of the radar was 86 deg, while the wind direction (true) was 75 deg; this is clearly an UP alignment. For the HH/UP run, the bearing of the radar was 78 deg, which is very close to that for the VV/UP run. If, during the HH/UP run, the unmeasured wind direction was also close to that during the VV/UP run which occurred 6 h earlier (a reasonable assumption at this site with its prevailing trade winds), then, once again, this would be an UP alignment. In the following sections, it is seen that examples of clutter data taken from both the VV/UP and HH/UP runs, when analyzed, exhibit exactly the behavior that would be expected from UP data.
During the VV/UP run, the measured wind speed was 9.0 m/s and the measured significant wave height was 2.9 m. Since the wind speeds measured at the APL instrumentation ship are not necessarily the same as those that were present when and where these waves were generated, it is a reasonable strategy to use only the actual significant wave heights in conjunction with standard theoretical models for fully developed deep water waves, which is a good characterization of the seas off the windward coast of Kauai 
III. LONG TIME SCALES AND FULL RANGE SWATHS
In this section, we consider examples of backscatter data whose extents in time are ¼ 200 s, and whose extents in range are over the full range swath of 156 m. The first two images, those in Fig. 1 , present calibrated RCS, in decibels above a square meter (dBsm), as a function of time, in seconds, along the horizontal axis, and of range, in meters, along the vertical axis. These are also known as range-time intensity (RTI) plots. A horizontal cut, at a fixed value of the range, gives the evolution, over time, of the clutter. A vertical cut, at a fixed value of the time, gives the variation, over range, of the clutter. Occasionally, at a specific time and over all ranges, electronic interference will produce a thin vertical line that is visibly present in the data, an example of which phenomenon appears at the top (bottom) of Fig. 1 just before the 80 s (200 s) mark.
The clutter data presented in these two images have been temporally averaged by noncoherently integrating 200 pulses at a time. The use of noncoherent integration, which in this case effectively reduces, or spoils, the full temporal resolution from 2000 Hz down to 10 Hz, is a common technique for smoothing the grainy, speckled quality of radar images [26] . This noncoherent processing of the coherent data reduces the speckle effect, but it would only be optimal for detection purposes if the speckle were white and the (unknown) texture deterministic, which is not the case for these high resolution sea clutter data. Coherent processing will lead to much better detection performance, although at the cost of higher computational complexity [5, 32] . Each of these two images consists of 2048 noncoherently integrated, effectively 10 Hz, pulses. The data from each of these pulses extends over 512 range cells. Fig. 1 presents RTI plots of RCS for UP sea clutter occurring over long time scales and full range swaths, with the data in the top (bottom) image being VV (HH). The dynamic range of the data, covering 40 dB and extending from ¡35 dBsm to +5 dBsm, is the same for both images. The first and most obvious observation to make is that these computer-generated images of microwave reflectivity, with their pattern of alternating greater and lesser radar returns, look like waves rolling in from the sea. It appears physically reasonable to infer that it is the alternating crests and troughs of the incoming waves which give rise to the observed regularity in the radar returns. In addition, given the near grazing incidence of the measurements, there might very well be some shadowing effects contributing to the lowered reflectivity of certain regions in the images. At the largest scale, both types of clutter exhibit a conspicuously regular, wavelike pattern. One would expect this with UP data because the relatively wide cross-range footprint of the radar is aligned with the incoming waves, so that it alternately catches the more reflective crests and then the less reflective troughs associated with individual waves. On the other hand, the wide azimuthal beamwidth would tend to filter out those waves traveling perpendicular to the line of sight of the radar, through the interference of the returns from multiple independent scattering centers associated with the train of waves falling within the footprint of the radar.
Examination of the clearly visible, regular patterns in these images for temporal frequencies, in the horizontal direction, and spatial frequencies, in the vertical direction, indicates wave periods of ¼ 6 or 7 s and wavelengths of ¼ 60 or 70 m. These values are reasonably close to the predictions, for these sea conditions, of an average wave period of 6.1 s and a wavelength of 57.5 m. The speed of the basic, large-scale wave phenomena, determined from the observed slopes of individual streaks running from the tops to the bottoms of the RTI plots, is ¼ 12 m/s for both VV/UP and HH/UP. This value is roughly on the order of the prediction, for these sea conditions, of a phase velocity of 9.5 m/s. Closer examination of the two different UP RTI plots also reveals the presence of smaller scale structure in the form of substreaks within the large-scale streaks. These substreaks, which only run from side to side of the larger streaks, have less steep slopes and hence, smaller speeds, speeds which are roughly on the order of the prediction, for these sea conditions, of a group velocity of 4.7 m/s. Further analysis of these smaller scale wave phenomena is presented in the next section.
The HH/UP clutter differs from the VV/UP clutter by being sharper, spikier, and more intermittent, accompanied by visibly larger values of the RCS within the individual waves. This has been experimentally observed by a number of other researchers in [10, 37, 38] . This phenomenon has also been observed for X-band high resolution sea clutter in [8] , and the effect on clutter cancellation has been investigated in [7] . Various researchers in their attempts to explain the polarization-dependent contrast between the two types of UP clutter have invoked such phenomena as VV's sensitivity to surface features such as the small waves (ripples) associated with the wind-dependent fine structure of the sea, and HH's sensitivity to surface features such as smooth reflecting surfaces (facets) associated with sharp wave crests (wedges). Other phenomena that could contribute to the observed differences between the polarizations are local multipath interference effects associated with the radar returns from nonlinear sea surface features such as breaking waves, as well as the Brewster angle damping of the forward scatter path for vertical but not for horizontal polarization [10; 18, ch. 6, sect. 17; 35; 36] .
We now take the two previously discussed 512 by 2048 element arrays of RCS data and perform a 2-D Fourier transform upon them. Before the Fourier transform, we subtract the global mean from each data set, thus removing the large peak that would otherwise appear at the origin in frequency space. After taking, for each of the elements in the resulting 512 by 2048 element arrays, the magnitude and squaring it, we then have, for both types of clutter, a power spectral density (PSD) of the original RCS data. The PSD is a function of temporal frequency (!), in inverse seconds (or Hz), and spatial frequency, or wavenumber (k), in inverse meters. These PSDs are sometimes referred to as !-k plots or sea surface dispersion diagrams. The sets of clutter data that were used for these 2-D Fourier transforms were low pass filtered by having been noncoherently integrated 200-pulses-to-1. Such low pass filtered data were used because they do not contain the high frequency components that would be introduced by the aliasing effect of downsampling every 200 pulses [19, p. 667, Fig. 10 .12]. Because the low pass filtered RCS data have an effective temporal resolution of 10 Hz, the temporal frequency extent of these PSDs is from ¡5 Hz to +5 Hz. Because the RCS data have a range resolution of 0.3 m, the spatial frequency extent of these PSDs is from ¡1:64 1/m to +1:64 1/m. A convenient way of proceeding is to normalize the entire PSD array by dividing all of its elements by the maximum value which occurs in the array. The resulting normalized PSD amplitudes vary between 0 and 1, and can be plotted in gray-scale variation as a 2-D function of spatial and temporal frequency. Fig. 2 consists of normalized PSDs for UP sea clutter occurring over long time scales and full range swaths, and within it, the data in the top (bottom) image is VV (HH). For both types of clutter, only the central region of the PSD is displayed, between ¡1 Hz and +1 Hz along the temporal frequency axis, and between ¡0:2 1/m and +0:2 1/m along the spatial frequency axis. This excerpted region of 2-D frequency space includes all of the truly significant variations in the different PSDs. As expected, both of the PSDs are symmetric under simultaneous inversion of the spatial and temporal axes. Note that, in these plots, the normalized PSDs have been displayed on a logarithmic scale, where the maximum value is at 0 dB and where the data have been cut off at a minimum value of ¡20 dB, thus displaying only those frequency components whose amplitudes are at least 0.01 of the amplitude of the peak frequency. The maximum value of the PSD occurs for VV/UP (HH/UP) at 0.103 Hz (0.107 Hz) and 0.013 1/m (0.013 1/m), corresponding to a period of 9.7 s (9.3 s) and a wavelength of 76.9 m (76.9 m). The locations of the spectral peaks of the two UP PSDs are very similar, which, upon examining the two UP RTIs, with their similar large-scale wave structures, is not a surprising result. A monochromatic wave corresponding to a particular spectral peak has a phase velocity given by the ratio of the peak's temporal frequency coordinate to the peak's spatial frequency coordinate. The phase velocity of the monochromatic wave associated with the VV/UP (HH/UP) PSD peak is 7.9 m/s (8.2 m/s).
Both of the PSD plots are dominated by the presence of a characteristic spectral ridge, which reveals the inherent wave group structure. Examination of the PSDs indicates that the spectral ridge extends further out from the origin, and is wider and more complexly structured, for HH/UP than for VV/UP. The group velocity, which is defined as the derivative of the temporal frequency with respect to the spatial frequency, would be given by the inverse of the slope of the spectral ridge appearing in the PSD plot. The slopes of the two fairly well-defined UP spectral ridges are comparable, and give group velocities of ¼ 5 m/s for UP clutter, which are reasonably close to the prediction, for these sea conditions, of a group velocity of 4.7 m/s. Each of these PSDs, with its single prominent spectral ridge, does indeed look the way one would expect the Fourier transform of the corresponding RTI plot of RCS, with its very regular large-scale wavelike structure, upon which is superimposed a smaller-scale structure, to look. Other PSDs which exhibit interesting and contrasting structure can be found in [6, 9, 23, 33, 38] .
IV. INTERMEDIATE TIME SCALES AND PARTIAL RANGE SWATHS
In this section, we consider examples of backscatter data whose extents in time are ¼ 5 s, and . The dynamic range of the data as presented in the HH/UP plots, covering 40 dB and extending from ¡35 dBsm to +5 dBsm, is the same as for the examples in the previous section. The dynamic range of the data as presented in the VV/UP plots also covers 40 dB, but with their smaller returns, a dynamic range extending from ¡40 dBsm to 0 dBsm resulted in clearer images. It should be noted that throughout this and subsequent sections, all of the data to be presented and discussed is at the full temporal resolution of 2000 Hz. Events numbered 1 consist of 10000 pulses and 128 range cells, which is a quarter of the entire range swath, while events numbered 2 consist of 8000 pulses and 100 range cells. To get to the scale of these events, we have zoomed by a factor of 40 or 50 in time, and by a factor of 4 or 5 in range, from the examples of the previous section. It should also be remarked that the aspect ratios of events 1 and 2 are almost identical, and phenomena, such as breaking waves, whose radar returns give rise to RTI image structures with similar slopes in events 1 and 2, can be inferred to have similar velocities.
The highly dynamic variability, both temporal and spatial, and the complex substructure of an This is very close to the prediction, for these sea conditions, of a group velocity of 4.7 m/s. This lends support to the claim that radar images pick out phenomena that propagate at group velocities [38] . In Fig. 5 , at the top (bottom), there is a linear plot of the probability density function (PDF) of all of the data in HH/UP Ev. 1 (2). In both plots of Fig. 5 , the RCS amplitudes, plotted along the x-axis, extend from ¡20 dBsm to +5 dBsm, thus covering the 25 dBsm range over which one would expect to find that sea clutter data, within all of the data in HH/UP events 1 and 2, which can be safely considered to be uncorrupted by various forms of noise. In Fig. 6 , at the top (bottom), there is a linear plot of the PDF of all of the data in VV/UP Ev. 1 (2) . In both plots of Fig. 6 , the RCS amplitudes extend from ¡25 dBsm to 0 dBsm, which is the corresponding 25 dBsm range for that sea clutter data, within all of the data in VV/UP events 1 and 2, which can be safely considered to be uncorrupted by various forms of noise. In all of these events, the data with smaller RCS amplitudes would tend to be increasingly dominated by various forms of noise, such as receiver noise and quantization noise, as discussed later in this section. The PDFs were generated by first performing a frequency count of all of the data within the entire event, and then scaling the resulting frequency count, or histogram, by dividing by the total number of data points. The bin width for the histogramming process was 0.1 dBsm. It should be noted that the PDF, plotted along the y-axis, is restricted to a maximum possible value of 0.0035 (0.006) in both the upper and lower plots of Fig. 5 (6) . The conspicuous peaks at the upper ends of the PDFs, between 0 (¡5) dBsm and +5 (0) dBsm for HH/UP (VV/UP) Ev. 1 at the top of Fig. 5 (6) , are the effects of clipping. The clipping of the largest returns, which is the consequence of using a radar with a limited dynamic range, compels the analyst to concentrate on data that has been uncorrupted by this effect. In practice, this means that data from the HH/UP (VV/UP) collection run from which HH/UP (VV/UP) Ev. 1 was taken, and whose RCS is ¼ 1:0 dBsm or 1.26 sm (¼ ¡4:5 dBsm or 0.35 sm) or above, is suspect.
The falloff of the PDF with increasing RCS for all of the data in HH/UP Ev. 1 is much more gradual, with a distinctly different shape, than it is for all of the data in HH/UP Ev. 2. Similarly, the falloff of the PDF with increasing RCS for all of the data in VV/UP Ev. 1 is more gradual, with a different shape, than it is for all of the data in VV/UP Ev. 2. One infers from these comparisons that the two HH/UP events are not just the same event, differing only in some simple way, such as in average RCS, but are distinctly different events, differing between themselves in some complex manner. The same inference can be drawn with regard to the two VV/UP events and their relationship to each other. In fact, with regard to the functional dependence of the PDF upon RCS, the strongest similarities appear to between HH/UP Ev. 1 and VV/UP Ev. 1, and between HH/UP Ev. 2 and VV/UP Ev. 2. To complement Fig. 5 , we have Fig. 7 , with a logarithmic plot, over a 40 dB dynamic range, of the normalized PDF of all of the data in HH/UP Ev. 1 (2) at the top (bottom). In both plots of Fig. 7 , the RCS amplitudes extend from ¡40 dBsm to +5 dBsm, which covers both the clutter-dominated (the upper 25 dBsm) and the noise-dominated (the lower 20 dBsm) domains of the data. To complement Fig. 6 , we have Fig. 8 , with a logarithmic plot, over a 40 dB dynamic range, of the normalized PDF of all of the data in VV/UP Ev. 1 (2) at the top (bottom). In both plots of Fig. 8 , the RCS amplitudes extend from ¡45 dBsm to 0 dBsm, which covers both the clutter-dominated (the upper 25 dBsm) and the noise-dominated (the lower 20 dBsm) domains of the data. A normalized PDF is obtained from one of the original PDFs discussed above by dividing by the maximum of that PDF, thus ensuring that all normalized PDFs have a maximum of 1. In these logarithmic plots of normalized PDFs one notes the following: first, the clipping-induced peaks that occur in the PDFs in the upper 5 dBsm ranges of HH/UP Ev. 1 and VV/UP Ev. 1; second, in the clutter-dominated ranges of the data, the strong similarity in the behavior of the PDFs between HH/UP Ev. 1 and VV/UP Ev. 1, and between HH/UP Ev. 2 and VV/UP Ev. 2; and finally, in the noise-dominated ranges of the data, the essentially identical behavior of the PDFs for all four events. At the top (bottom) of Fig. 9 is a Weibull plot of the cumulative distribution function (CDF) of the RCS data contained within the large magnitude parallelogram (LMP) in HH/UP Ev. 1 (2), whose far horizontal side extends in time between 0.25 s (0.75 s) and 1.25 s (1.75 s), at a range of 22.9 m (18.9 m), and whose near horizontal side extends in time between 1.5 s (1.7 s) and 2.5 s (2.7 s), at a range of 15.5 m (13.1 m). For comparison, at the top (bottom) 50000 samples from a Weibull distribution (eqn. 1) with an a parameter of 2.6030 (7.0956) and a b parameter of 0.6056 (0.6092) are plotted. These particular values for the Weibull parameters are the maximum likelihood estimates (MLEs) under the hypothesis that the data is Weibull-distributed. At the top (bottom), the 95% confidence interval (CI) for a is 2.5800 (7.0334) and 2.6261 (7.1577), and the 95% CI for b is 0.5892 (0.5426) and 0.6219 (0.6759). Also plotted at the top and bottom are 50000 samples from a Rayleigh distribution (eqn. 2) with a c parameter of 
(¡10 dB)
. This value for the Rayleigh parameter was chosen because it is the midpoint of the RCS axis, which ranges from ¡25 dBsm to +5 dBsm. Note that the Weibull distribution includes, as a special case (eqn. 3), the Rayleigh distribution, and that the CDF of Weibull-distributed data will appear as a straight line on Weibull axes
At the top (bottom) of Fig. 10 is a Weibull plot of the CDF of the RCS data contained within the LMP in VV/UP Ev. 1 (2), whose far horizontal side extends in time between 1.6 s (1.7 s) and 2. All of the RCS data within an event are plotted in a PDF. The RTI plot of such an event reveals the presence of multiple, individual spiking events which need to be studied in isolation. By contrast with a PDF, a CDF plots the deliberately selected RCS data contained within the LMP that bounds a specific, individual spiking event, thus emphasizing clutter from the upper portions of the RCS amplitude distributions. The temporal width of the LMP is the duration of the individual spiking event within a particular range cell. The fact that the bounding shape is a parallelogram, rather than a simple rectangle, attests to the fact that the microwave-reflective phenomenon is propagating inwards, towards the radar, at some finite speed. Finally, it is to be understood that the PDFs of extended spiking events and the CDFs of LMPs, with their very specific selection and their deliberate constraint in amount of data, are not being used for purposes of rigorous statistical modeling, but rather to gain additional insight into the various phenomena taking place.
Examination of the Weibull plots of CDFs in Fig. 9 (10) reveals that the extract from HH/UP (VV/UP) Ev. 1 has more returns with larger RCS values than the extract from HH/UP (VV/UP) Ev. 2. The conspicuous change in the behavior of the CDF of the data above ¼ 1 dBsm (¼ ¡4 dBsm) in the plot at the top can be attributed to clipping. It is clear that the Rayleigh distribution does not provide a good fit to any of the extracts, whereas the Weibull distribution, when using the MLEs for the appropriate parameters, does provide very good fits to the data. But it is also clear that all of the CDFs do have some curvature, and thus all of these extracts do depart, to some degree, from being Weibull-distributed. The CDFs of the two HH/UP (VV/UP) extracts subtly differ between themselves, in the critical spiking range between ¼ ¡10 dBsm (¼ ¡15 dBsm) and ¼ 0 dBsm (¼ ¡5 dBsm), with the CDF from HH/UP (VV/UP) Ev. 1 being slightly convex upwards, and the CDF from HH/UP (VV/UP) Ev. 2 being slightly concave upwards. As with the PDFs of entire events, the strongest similarities appear to be between the extracts from HH/UP Ev. 1 and VV/UP Ev. 1, and between the extracts from HH/UP Ev. 2 and VV/UP Ev. 2.
Other regions were deliberately selected to contain data predominantly of smaller RCS amplitudes, and, consequently, which one would expect to be dominated by various forms of noise, such as receiver noise and quantization noise [28] . At very low grazing angles, one would certainly expect to find suitably shadowed regions of the sea surface from which the radar returns are dominated by noise. In fact, one way of estimating a reasonable value for the effective noise floor of the radar is by taking the 50th percentile from these noise-dominated CDFs. By this criterion, during the particular data collection run from which the HH/UP (VV/UP) examples were taken, the noise level was ¼ ¡28 dBsm (¼ ¡31 dBsm), which is consistent with the location of the broad peaks in the HH/UP (VV/UP) PDFs in the plots of Fig. 7 (8) . 
V. INTERMEDIATE TIME SCALES AND SINGLE RANGE CELLS
In this section, we consider examples of backscatter data whose extents in time are 5 s, and whose extents in range are over a single range cell of 0.3 m. To get to the scale of these examples, we have zoomed by a factor of 100 or 128 in range from the examples of the previous section. Figs. 11-13 illustrate, in three complementary ways, the evolution, over this intermediate time scale, of the clutter occurring within a single range cell. For the specific example illustrated at the top (bottom) of these figures, the data are HH/UP (VV/UP). The variation with time of the RCS is plotted in Fig. 11 . It should be remembered that, for the HH/UP (VV/UP) data, values of the RCS of ¼ 1:26 sm (¼ 0:35 sm) or above might very well have been subjected to clipping. Consistently with what was observed in the two previous sections, one observes here, on comparison of the RCS plots in Fig. 11 , that the HH clutter is spikier and more intermittent than the VV clutter.
In Fig. 12 , the temporal variation of the spectral frequency content is displayed in the following manner. The individual spectra are generated by dividing the entire time interval into consecutive, nonoverlapping windows, and then determining the PSD within each Hanning-weighted window. The set of power spectra is then normalized by dividing each value in every PSD by the largest value that occurred in the entire set; the new maximum is 1. Finally, the entire sequence of normalized power spectra spanning the entire time interval is displayed in a 3-D plot [10] . Because the PRF of the radar is 2000 Hz, the extent of the frequency axis in the PSD plots is from 0 to 1000 Hz. For HH/UP (VV/UP) Ex. 1, which appears at the top (bottom) of Fig. 12 , the individual power spectra are estimated from 50 ms, 100 pulse windows.
Since both examples consist of 5 s of data, with 10000 pulses, there are 100 individual power spectra in each part of this figure.
To give an alternative, but closely related, view of the evolution over time of the spectral frequency content, we use the spectrogram, a 2-D display of the magnitude of the time-dependent (or short-time) Fourier transform, which analyzes the data sequentially by passing it through a sliding window to which a suitable weighting has been applied [19, p. 757; 25, ch. 11] . For plotting convenience, a spectrogram can be normalized by dividing all of its elements by the maximum value that occurs, ensuring that all values will now lie between 0 and 1; it will thus be suitable for display on a logarithmic scale. To complement Fig. 12 , we have Fig. 13 , with a logarithmic plot, over a 50 dB dynamic range, of the normalized spectrogram of the data in HH/UP (VV/UP) Ex. 1 at the top (bottom). There are a total of 399 individual time-dependent Fourier transforms in each spectrogram, which follows from covering the 5 s and 10000 pulses of the data with 25 ms, 50 pulse windows, with a 50% fractional overlap between the Hanning-weighted windows.
For HH/UP (VV/UP) Ex. 1, both the 3-D PSD plot at the top (bottom) of Fig. 12 and the 2-D spectrogram at the top (bottom) of Fig. 13 call attention to the periods of very large returns near 1.5 and 2.5 s (between 2 and 3.5 s), with their conspicuous high frequency spectral content, that can be found in the RCS plot at the top (bottom) of Fig. 11 . Both types of spectral plots also call some attention to the period of smaller returns near 0.5 s in HH/UP Ex. 1, which appears to have a more modest high frequency spectral content. Qualitatively speaking, with regard to both types of spectral plots, HH/UP Ex. 1 produced visibly more striking results, in the senses of being higher in frequency and larger in amplitude, than VV/UP Ex. 1, a phenomenon that is very often observed when considering the polarization dependence of spiky sea clutter. It is clear from these examples that both types of spectral plots can be very useful indicators of regions of interesting clutter phenomenology, despite the fact that the spectral estimation process is fairly sensitive to both the size and the placement of the data window.
VI. SHORT TIME SCALES AND SINGLE RANGE CELLS
In this section, we consider examples of backscatter data whose extents in time are 50 ms, and whose extents in range are over a single range cell of 0.3 m. To get to the scale of these examples, we have zoomed by a factor of 100 in time from the examples of the previous section. The next two examples are of data that have not suffered any clipping. All of the HH/UP (VV/UP) RCS data are safely below 1.26 sm (0.35 sm). Figs. 14-16 give 50 ms, 100 pulse snapshots of these examples of the short time scale clutter within an individual range cell, with the RCS in Fig. 14 , the normalized PSD in Fig. 15 , and the normalized autocorrelation function (ACF) in Fig. 16 . The polarization is HH (VV) at the top (bottom) of these figures, and the data are designated HH/UP (VV/UP) Ex. 2. Fig. 15 , with discernible high frequency components, these are not nearly as striking as those in the PSD of the HH/UP clutter. Similar analysis of the PSDs of many specific examples extracted from many different events yields the observation that, for both polarizations, the high frequency spectral components are more frequently found to be significant, in the senses of being higher in frequency and larger in amplitude, when the specific examples of spiky sea clutter analyzed were extracted from an extended spiking event with a higher percentage, in a statistical sense, of large magnitude radar returns.
An unbiased estimation of the normalized ACF of HH/UP (VV/UP) Ex. 2 is plotted at the top (bottom) of Fig. 16 [3, p. 332; 24, p. 539] . It is clear that the VV/UP sequence experiences a significantly greater degree of decorrelation, with noticeably larger fluctuations, than the HH/UP sequence. These fluctuations are caused by the progressive meshings and unmeshings of various subsequences of RCS data, which are dominated by the harmonic modulations indicated in the PSDs. This is so because the spectral density and the autocovariance function of a stochastic process are a Fourier transform pair, and a spectral peak at a particular frequency corresponds to an oscillation in the autocovariance function whose period is at the inverse frequency.
RCS, PSD, and ACF plots exhibit conspicuous differences between HH/UP and VV/UP sea clutter. Another kind of difference between sea clutter of different polarizations resides in the relative ease for the HH/UP case and the relative difficulty for the VV/UP case, with which it is possible to find examples of sea clutter data which, upon analysis, clearly exhibit the behavior, illustrated here and observed by many other researchers, characteristic of spiky sea clutter at low grazing angles and high range resolutions. One is forced to conclude that, whatever the nature of the underlying physical processes which are the cause of spikiness in sea clutter, they are easiest to observe when the polarization of the radar is HH rather than VV.
VII. RELATED RESEARCH
Recently, many researchers have investigated spiky sea clutter and their results are relevant to the material presented in this work. The parameters of the radars they used can be compared with Table I . The analyses in this work most closely related to their work are cited at the end of each subsection. Among these researchers are the following. Nohara [22] , Farina [8] , and Anastassopoulos [1] used different data sets collected with the same X-band (8.9-9.4 GHz) radar, characterized by an unmodulated, frequency-agile waveform, with coherent reception. The data sets were taken at low grazing angles appropriate to a ship-based antenna. The data analyzed by Nohara and Farina (Anastassopoulos) had a PRF of 1000 Hz (400 Hz) in each of the polarization channels and a range resolution of 30 m (15 m). Farina and Anastassopoulos each came to the conclusion that different probability distributions would be needed to best fit the data of different polarizations; Nohara was mainly concerned with detector performance. See Section IV, distributions and Section V, time histories of clutter amplitudes.
Lee [14] [15] [16] [17] used an X-band (9-9.5 GHz) CW coherent scatterometer, over a wide range of grazing angles with a minimum of 10 deg. The range resolution was 8.86 m at the 10 deg grazing angle.
He noted for the UP case that HH PSDs have spectral peaks at higher Doppler frequencies than VV PSDs, in analyses over a spectral range reaching 300 Hz. He also studied correlation properties of the radar returns. In addition, he examined other X-band, 10 GHz data, with range resolutions of 1.5 and 2 m, taken at grazing angles of 5 and 6 deg, as well as some C-band, 5.7 GHz data, with a minimum range resolution of 15 m, taken over a range of grazing angles between 0.3 and 4 deg. These data sets were analyzed over a range of Doppler frequencies reaching 200 Hz. See Sections V and VI, PSDs and Section VI, ACFs.
Rozenberg [30, 31] used a Ku-band (14 GHz) scatterometer, with a 0.1 m range resolution, over a range of grazing angles with a minimum of 6 deg. He noted an increase in Doppler frequency modulation in the UP case for HH compared with VV, in analyses over a spectral range reaching 200 Hz. See Sections V and VI, PSDs and Section V, 3-D PSDs.
Smith [34] used an S-band (3 GHz) Doppler radar with FMCW modulation, with a range resolution of either 2.5 or 10 m, at a grazing angle of 8 deg.
He noted an increase in Doppler velocity in the UP case for HH compared with VV, by analyzing Doppler spectra which were incoherent averages of 200 individual spectra spaced 1.5 s apart. He also examined wave phenomena visible in the data in the space/time and spatial/temporal frequency domains. See Sections III and IV, RTI plots; Section III, !-k plots; Section V, time histories of clutter amplitudes; Sections V and VI, PSDs.
Werle [38] examined two different sets of X-band (10 GHz) data, of either 1.5 or 2 m range resolution, taken at unspecified low grazing angles. He extracted the peak intensity Doppler lines from many spectra and plotted the resulting histograms over a Doppler frequency axis of several hundred Hz to show that HH tends to have higher Doppler frequencies than VV. He also examined wave phenomena visible in the data in the space/time and spatial/temporal frequency domains. See Sections III and IV, RTI plots; Section III, !-k plots; Sections V and VI, PSDs.
Eckert [6] , Ochadlick [23] , and Siegal [33] used an X-band (9.75 GHz) synthetic pulse radar, with a 4 m range resolution, at grazing angles of 1 and 2 deg. They noted an increase in the Doppler frequency corresponding to the peak in the PSD for HH compared with VV, in analyses over a spectral range reaching 300 Hz. They examined wave phenomena visible in the data in the space/time and spatial/temporal frequency domains. They also studied amplitude fluctuation and correlation properties. See Sections III and IV, RTI plots; Section III, !-k plots; Section IV, distributions; Section V, time histories of clutter amplitudes; Sections V and VI, PSDs; Section VI, ACFs.
Jessup [11, 12] used a Ku-band (14 GHz) CW Doppler scatterometer, with a range resolution of 1.1 m, at a grazing angle of 45 deg. He noted, in his extensive studies of the microwave signatures of breaking waves, occasional increases in Doppler frequency modulation for HH compared with VV, in analyses over a spectral range reaching 500 Hz. See Section V, time histories of clutter amplitudes; Sections V and VI, PSDs.
Atanassov [2] used an X-band (9.6 GHz) coherent CW radar, with a 7 m range resolution, at a grazing angle of 6 deg. He noted an increase in high frequency components in the PSD for HH compared with VV, in analyses over a spectral range reaching 1000 Hz, using spectral averaging over 31 multiple instantaneous sample spectra obtained from 31 overlapped time series. See Sections V and VI, PSDs.
Chan [4] used an X-band (9.1 GHz), 500 Hz PRF radar, with a range resolution of either 15 or 150 m, at grazing angles below 5 deg. He noted an upward shift in the Doppler frequency content in the PSD for HH compared with VV, in analyses over a spectral range reaching 250 Hz. He also studied the suitability of various probability distributions as fits for the data. See Section IV, distributions; Sections V and VI, PSDs.
Ward [37] used an X-band (9.5-10 GHz) radar, with a 4 m range resolution, at grazing angles which were usually 1 deg. He noted that the mean Doppler offset of the averaged PSD was higher for HH than for VV, in analyses over a spectral range reaching 500 Hz. He examined data over widely varying time scales and range swaths. He also studied the suitability of the K-distribution, over others, for sea clutter. See Sections III and IV, RTI plots; Section IV, distributions; Section V, time histories of clutter amplitudes; Sections V and VI, PSDs.
Hansen [10] used an X-band (8.6 and 9.2 GHz) radar, with range resolutions of 3.33 and 6.2 m, at grazing angles of 1.4, 1.5, 3, and 4.6 deg. He noted an increase in the higher Doppler frequency content in the PSD for HH compared with VV, in analyses over a spectral range extending slightly above 250 Hz. He studied the effect of varying pulse length/range resolution, radar frequency, and grazing angle on the spikiness of sea clutter. He also examined the amplitude distributions of such data. See Section IV, distributions and Section V, time histories of clutter amplitudes and their associated 3-D PSDs.
The present author believes that the observations presented here, either because of the very low grazing angles characteristic of the data, or because of the extended spectral frequency range to which it has been possible to take the analyses, or because of the individualistic, rather than averaged, nature of the events analyzed, or some combination of the above, do represent an addition to the body of knowledge about microwave backscatter from the sea. It must be emphasized that the observations presented here provide an extension of the related research discussed above, and that the conclusions drawn in this paper are fully consistent with, rather than fundamentally different from, what has already been learned about spiky sea clutter at very low grazing angles and high range resolutions.
VIII. CONCLUSION
Extensive amounts of microwave sea backscatter data were examined, and numerous examples of sea clutter were found, which, when analyzed, exhibited the behavior found by other researchers to be characteristic of spiky sea clutter at low grazing angles and high range resolutions. In fact, the very criterion by which these examples were carefully selected to be clearly illustrative and yet at the same time thoroughly representative, is that the data, when analyzed, exhibit the behavior which is widely accepted as defining the sea spike phenomenon. The specific subset of examples of spiky sea clutter presented here are very much typical of the larger set. Some of the conclusions that can be drawn are as follows.
1) Large-scale wave phenomena, traveling at speeds roughly on the order of the predicted phase velocity, and smaller scale wave phenomena, traveling at speeds roughly on the order of the predicted group velocity, were clearly observed in both vertical and horizontal polarizations with an UP transmit geometry.
2) Sea clutter at low grazing angles and high range resolutions is sharper, spikier, and more intermittent in horizontal polarization than in vertical polarization.
3) Spiky behavior of microwave sea backscatter at low grazing angles and high range resolutions is more readily observed when the polarization of the radar is horizontal rather than vertical. 4) Statistical comparisons indicate that spatially and temporally extended spiking events differ between themselves in a highly complex manner. The Rayleigh distribution does not provide a good fit to such data, whereas the Weibull distribution does. Individual spiking events, in the critical spiking range at the tops of their amplitude distributions, exhibit subtle departures from being Weibull-distributed, as well as subtle differences between themselves. Further statistical analyses are needed to determine which probability distribution provides the best fit to such spiky sea clutter.
5) During the periods of strong returns associated with spiky sea clutter at low grazing angles and high range resolutions, the power spectrum exhibits a characteristic significant high frequency content. The high frequency spectral components are more significant, in the senses of being higher in frequency and larger in amplitude, for horizontal polarization than vertical polarization. It has also been observed that, for both polarizations, the high frequency spectral components were more frequently found to be significant, in the same senses, when the specific examples of spiky sea clutter analyzed were extracted from an extended spiking event with a higher percentage, in a statistical sense, of large magnitude returns.
6) The wave phenomena and the spiky sea clutter of the above conclusions are indeed observed, but less readily so, with a CR transmit geometry. Such CR spiky sea clutter does exhibit similar characteristic polarization dependence, complex statistical behavior, and high frequency spectral content, as UP spiky sea clutter, but often less conspicuously.
